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Nanoflow electrospray ionization time of flight mass spectrometry (ESI-TOF-MS) was used to
study activation properties of the cGMP-dependent protein kinase (PKG). Our nanoflow
ESI-TOF-MS analysis confirms that PKG mainly occurs as a 153 kDa homodimer and is able to
bind four cGMP molecules, which is in agreement with the known stoichiometry. Binding
order and stoichiometry of cGMP, the non-hydrolysable ATP analog ,-imidoadenosine
5=-triphosphate (AMPPNP) and Mn2 for PKG were characterized as model for the active
PKG-cGMP-ATP/Mg2 complex. Already in the absence of cGMP, a noncovalent complex
between PKG and two molecules of AMPPNP could be observed by ESI-TOF-MS. Binding of
AMPPNP to PKG was strongly enhanced by the addition of MnCl2 to the spray solution. This
is in agreement with binding of AMPPNP/Mn2 in the ATP binding pocket of PKG since all
protein kinases require a metal ion to accompany ATP in the ATP-binding pocket for proper
positioning of the  and  phosphates. Additionally, this finding could imply that within the
inactive conformation of PKG, the autoinhibition-domain, when in contact with the substrate-
docking domain, does not block the entrance to the ATP-binding site. In the presence of cGMP,
less of the fully saturated PKG-(cGMP)4(AMPPNP/Mn
2)2 complex was observed, suggesting
that the PKG–ATP interaction is weakened in the active conformation of PKG. Additionally,
limited proteolysis in combination with native-ESI MS showed to be a useful tool to study the
contact regions on the PKG-dimer and also allowed the rapid determination of the overall
autophosphorylation status of the protein. These measurements indicated that autophosphor-
ylation mainly occurs within the first 80 aminoterminal residues and involves in total 3–4
phosphates per subunit. (J Am Soc Mass Spectrom 2004, 15, 1392–1399) © 2004 American
Society for Mass SpectrometryProtein kinases are members of a huge family ofenzymes that share together with protein phos-phatases the responsibility of regulating virtually
every kind of cellular function. Activation of protein
kinases is one of the major mechanisms by which
cellular events are controlled. Hence, intense effort is
presently directed towards understanding the molecu-
lar basis and mechanisms of protein kinases. Protein
kinases serve as molecular switches and are thus by
definition highly dynamic proteins that can toggle
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doi:10.1016/j.jasms.2004.06.015between different conformational states. Most protein
kinases are also phosphoproteins, and such phosphates
are often an integral determinant for both structure and
function. Crystal structures of several kinases revealed
that the active forms of these enzymes show similar
conformations in key regions, but their inactive confor-
mations exhibit surprisingly large structural variations
[1]. Within the large and diverse family of protein
kinases, the cAMP dependent protein kinase (PKA) is
one of the simplest and best understood members and
often serves as a prototype for the entire family [2–4].
PKA is a heterotetramer composed of a regulatory
dimer and two catalytic subunits. The catalytic subunits
are active when cAMP binds to the regulatory dimer
and induces dissociation of the tetramer. The catalytic
subunit of PKA is comprised of a bilobal core that isr Inc. Received February 16, 2004
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two lobes, which are connected via a small linker
region, generate a binding pocket for ATP and a dock-
ing site for protein/peptide substrates. The ATP is
nestled deep between the two domains, while substrate
peptides/proteins dock onto the more exposed region
of the larger C-terminal lobe. Protein kinases do not
phosphorylate free amino acids efficiently and they rely
partly on local residues within the substrate for high
affinity. Subtle differences within the peptide-docking
domain in the large lobe of the catalytic core of each
kinase play an important role in defining substrate
specificity. In order to understand the role of these
kinases in signaling pathways it is important to gain
deeper insight into how specificity and different mech-
anisms of control within the common protein kinase
fold are regulated. In general, regulation of protein
kinases is achieved through phosphorylation/dephos-
phorylation, binding of second messengers, interaction
with regulatory domains or subunits and/or assembly
with accessory proteins. In the present study we have
used mass spectrometry to study structural and bio-
chemical aspects of the cGMP-dependent protein kinase
(PKG) I. PKG is involved in the nitric oxide/cGMP-
signaling pathway, serves as a major receptor protein
for intracellular cGMP and controls a variety of cellular
responses, including smooth muscle relaxation [5, 6].
PKG is the closest homolog of PKA and in particular the
catalytic domains of the two enzymes show a remark-
able high sequence homology [7]. No detailed structural
information for PKG is yet available, but on basis of
biochemical data and by comparing the functional do-
mains of PKG (Figure 1a) with PKA a simplified structure
of PKG has evolved which is schematically depicted in
Figure 1b. PKG I exists as a dimer of two identical
subunits (Mr 76 kDa). Each subunit possesses two func-
tional moieties, a regulatory and a catalytic. The N-
terminal regulatory domain contains a leucine/isoleucine
dimerization domain, an autoinhibitory domain, in-
cluding autophosphorylation sites and a hinge region,
which connects the aminoterminus with the two
in-tandem cGMP binding pockets. The catalytic do-
main contains the MgATP binding pocket and the
peptide/protein-substrate docking site. In the inac-
tive state of the protein, components of the inhibitory
domain in the N-terminal part of the protein interact
with the substrate-docking domain. Binding of cGMP
induces a conformational change in PKG that modu-
lates this interaction and this leads to activation of the
enzyme [8]. Once activated by cGMP, PKG phosphor-
ylates target substrates and it autophosphorylates
residues within the inhibitory domain [4, 9, 10].
Extensive autophosphorylation of PKG in the presence
of either cGMP or cAMP increases basal kinase activity.
Furthermore, it has been shown that both cGMP-bind-
ing and autophosphorylation apparently alter the pro-
tein in a similar manner [10]. In the present study we
have examined cGMP and ATP binding processes ofPKG I by mass spectrometry based techniques. Recent
examples have shown that electrospray ionization un-
der non-denaturing conditions can provide detailed
information about protein–ligand complexes, including
binding order and stoichiometry of binding partners,
binding affinity and cooperativity [11–14]. In this study
nanoflow ESI-TOF-MS allowed the detection of nonco-
valent interactions between PKG, the high affinity li-
gand cGMP and the ATP substrate-analog AMPPNP.
Our nanoflow ESI-TOF-MS analysis revealed that
dimeric PKG binds four cGMP molecules, thus confirm-
ing the known PKG/cGMP stoichiometry of two
cGMPs per monomer [15]. The noncovalent complex
between PKG and two AMPPNP molecules could be
observed already in the absence of cGMP and only in
the presence of the divalent metal Mn2. Additionally,
we examined the phosphorylation state of the protein
after incubation with Mg2 and ATP at a global level.
PKG I is labile to specific proteolysis [16]. Limited
proteolysis of the kinase with chymotrypsin yields two
large fragments and an additional small peptide. Mon-
itoring for 80 Da mass-increments of these fragments
along the autophosphorylation process by nano-ESI-
TOF-MS allowed further insight into the overall
amount of phosphate incorporation into the different
parts of the kinase.
Figure 1. Schematic representation of the structure and the
activation process of PKG. (a) Linear rearrangement of the func-
tional domains of PKG. The N-terminal regulatory domain con-
tains a leucine/isoleucine dimerization domain, an autoinhibitory
domain, including autophosphorylateion sites and a hinge region,
which connects the aminoterminus with the two in-tandem cGMP
binding pockets (Site A, high affinity, slow dissociation; and Site
B, low affinity, rapid dissociation). The catalytic domain contains
the MgATP binding pocket and the peptide/protein-substrate
docking site. (b) Schematic representation of the current working
model of cGMP-induced activation of PKG. Dimerization occurs
via the N-terminal leucine/isoleucine zipper motif. Autoinhibi-
tion of enzymatic activity involves an interaction between the
catalytic domain and the N-terminal autoinhibition domain.
cGMP-binding induces a conformational change which releases
PKG from its inactive conformation.
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Material and Reagents
Bovine lung PKG type I was purified to homogeneity
essentially as described by Francis et al. [17]. Recombi-
nant PKG I was expressed and purified from SF9-
insect cells according to Dostmann et al. [18]. Guanosine
3=,5=-cyclic monophosphate, Adenosine 5=-triphosphate
sodium salt, ,-imidoadenosine 5=-triphosphate tetra-
lithium salt, magnesium acetate tetrahydrate and man-
ganese(II) chloride were purchased from Sigma (St. Louis,
MO). Sequencing grade chymotrypsin was purchased
from Roche Diagnostics GmbH (Mannheim, Germany).
Sample Preparation
Prior to mass spectrometric measurements PKG was
buffer exchanged to 200 mM ammonium acetate, pH 6.7
using Ultrafree-0.5 centrifugal filter units (5000 NMWL)
(Millipore, Bedford MA). cGMP, AMPPNP, and mag-
nesium acetate or manganese chloride were dissolved
in 200 mM ammonium acetate, pH 6.7, and added to a
recombinant PKG solution (5 M). For the prepara-
tion of differentially phosphorylated protein, PKG iso-
lated from bovine lung was incubated with ATP and
MgCl2. Non-phosphorylated protein was not incubated
with MgCl2 and ATP. In order to obtain partially- and
highly-autophosphorylated protein, PKG was incu-
bated with 5 mM MgCl2 and 100 M ATP at 30 °C for 10
min and 3 h, respectively. Limited proteolysis of auto-
phosphorylated PKG with chymotrypsin was performed
as essentially described by Monken et al. [16]. The pro-
tein/chymotrypsin ratio used was 1:200 by weight.
Figure 2. Electrospray ionization mass spectrum
mM ammonium acetate solution, pH 6.7, at an e
shows the changes of the [M 25H]25 signal of
he corresponding deconvoluted (MaxEnt1) mass spElectrospray Ionization Mass Spectrometry
Electrospray ionization mass spectrometry analyses of
the intact protein were carried out on a Micromass LC-T
TOF instrument (Micromass, Manchester, UK)
equipped with a “Z-Spray” nanoflow electrospray
source using in-house pulled and gold coated borosili-
cate glass needles. Typical ESI-TOF-MS operating pa-
rameters were as follows: capillary voltage, 1.0–1.5 kV;
sample cone voltage, 100–200 V; extraction cone volt-
age, 50–100 V; source block temperature, 70 °C; source
pressure 9.0 mbar (standard 2.0 mbar), TOF analyzer
pressure 1.3  106 mbar (standard 6.2  107 mbar).
Spectra were recorded in the positive ion mode and the
standard m/z range of 200–10,000 was monitored. The
mass spectrometer was calibrated on the singly charged
Csn1In clusters obtained after electrospraying an aque-
ous cesium iodide solution (1 mg/ml). Molecular
masses of protein and protein–ligand complexes were
calculated using a maximum entropy (MaxEnt1) based
approach [19, 20] incorporated as part of the MassLynx
software (MassLynx version 3.5) supplied with the
mass spectrometer.
Results and Discussion
Noncovalent cGMP Binding
Figure 2 shows the mass spectrum of native PKG
sprayed from an aqueous 200 mM ammonium acetate
solution at an estimated PKG dimer concentration of
1–2 M. The mass spectrum displays abundant ion
signals around m/z 5500–7000 originating from dimeric
PKG I. The molecular weight derived from this charge
state envelope is 152,883 Da. The theoretical average
ative PKG electrosprayed from an aqueous 200
ated dimer concentration of 1–2 M. Inset (a)
ric PKG upon addition of cGMP. Inset (b) shows
of PKG acquired in absence or presence of cGMP.of n
stim
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quence with acetylated N-termini and without any
additional cyclic nucleotides or phosphorylated resi-
dues is 152,659 Da. A common feature among protein
kinase involves activation by phosphorylation of a
threonine in the activation loop, which when unphos-
phorylated may inhibit primarily by blocking the access
to the ATP binding site, or by preventing catalytically
competent structuring of the active site [1]. Proteolytic
digests of PKG analyzed by nanoflow-ESI-TOF-MS/MS
revealed that Thr516 within the activation loop is in-
deed phosphorylated (data not shown). In fact, pure
preparations of PKG are known to contain 1,0–1,5 mol
phosphate/mol subunit [21]. By taking into account the
phosphorylation of this residue, the theoretical mass of
dimeric PKG increases to 152,819 Da. For now it is
assumed that the discrepancy of 60 Da between the
measured and theoretical mass is most likely due to
presence of water, buffer components or salts. Each
subunit of PKG contains two cyclic nucleotide binding
sites with slow and fast dissociation behavior. The
amino-terminal binding pocket binds cGMP with an
apparent Kd of 10 nM while the C-terminal binding
pocket binds cGMP with an apparent Kd of 100–150 nM
[22, 23]. Addition of free cGMP to the electrospray
solution at an estimated cGMP concentration of 3 M
results in a direct mass shift of the ion signals of PKG as
illustrated for [M  25H]25 ion signal shown in Figure
2a. Deconvolution [19, 20] (MaxEnt1) of the charge state
envelope indicates that the mass of PKG has increased
with 700 Da (Figure 2b), which would correspond to
the binding of two cGMP molecules (Mr cGMP 345.2).
Increasing the amount of cGMP added to 10 M results
in a further shift of the ion-signals to higher m/z ratios.
Deconvolution indicates that under these conditions up
to four cGMP molecules bind to the dimeric protein,
which is in agreement with previous performed bio-
chemical determinations [15].
Ternary PKG-cGMP-AMPPNP/Mn2 Complex
In order to investigate the binding order and stoichiom-
etry of ATP-binding to PKG and at the same time
prevent possible autophosphorylation during the mea-
surement, the non-hydrolyzable ATP analog ,-imi-
doadenosine triphosphate (AMPPNP) was used. Figure
3a shows the mass spectrum of PKG in the presence of
25 M AMPPNP. Deconvolution of the mass spectrum
displays binding of one AMPPNP molecule, however
the most abundant species is still dimeric PKG without
any additional ligands. Addition of 50 M MnCl2 to the
spray solution results in a shift of the ion signals to
higher m/z. After deconvolution it appears that the mass
of PKG has increased by 1225 Da, which corresponds
with binding of two times AMPPNP/2Mn2 (Figure
3b). The mass spectrum of PKG in presence of cGMP
(10M) and AMPPNP (50 M) (Figure 3c) shows solely
binding of 4 cGMP molecules. When PKG was electro-
sprayed with cGMP (10 M), AMPPNP (50 M) andMnCl2 (100 M), binding of two AMPPNP/2Mn
2 is
visible, however binding of one AMPPNP/2Mn2 is the
most abundant species and PKG with only four cGMP
molecules is also visible (Figure 3d). In another set of
experiments, magnesium instead of manganese was
added to the spray solution. Although Mg2 is the
physiological cation activator of PKG, complete satura-
tion of PKG with AMPPNP by magnesium could not be
observed in the mass spectrum. Figure 4 shows electro-
spray ionization mass spectra of PKG in the presence of
AMPPNP, AMPPNP-Mn2, and AMPPNP-Mg2. In the
low m/z region coordination of Mg2 and Mn2 to
AMPPNP is clearly visible, however with an increased
AMPPNP (125 M) concentration and relatively high
magnesium concentration used (1.2 mM) AMPPNP/
Mg2 complexation to PKG is observed (Figure 4b and
c), but it is still much less pronounced than with Mn2.
Limited Proteolysis
Type I PKGs homo-dimerize through interactions at the
N-terminus of each monomer [24]. This section has been
designated the dimerization domain on the basis of a
leucine/isoleucine zipper motif and for type I also on
the presence of a cysteine residue within. Removal of
the N-terminal inhibition and dimerization domain by
limited proteolysis completely monomerizes the pro-
tein, which will still bind 2 mol of cGMP/subunit with
Figure 3. Electrospray ionization mass spectra of PKG at an
estimated dimer concentration of 1–2 M (a) in the presence of
25 M AMPPNP, (b) PKG in the presence of 25 M AMPPNP and
50 M MnCl2, (c) PKG in the presence of 10 M cGMP and 50 M
AMPPNP, and (d) PKG in the presence of 10 M cGMP, 50 M
AMPPNP and 100 M MnCl2.
1396 PINKSE ET AL. J Am Soc Mass Spectrom 2004, 15, 1392–1399an unchanged enzymatic activity [16, 25]. Figure 5
shows the mass spectrum of PKG I before (Figure 5a)
and after (Figure 5b) limited proteolysis with chymo-
trypsin. As already mentioned the mass spectrum of
non-proteolyzed protein shows abundant ion peaks
around m/z 5500–7000. Figure 5b shows the electro-
spray ionization mass spectrum of PKG after limited
chymotryptic hydrolysis. Two charge state envelopes
are clearly visible around m/z 2000 and 4500. These two
envelopes correspond to the dimeric species of the first
70 N-terminal residues of PKG (measured mass 16430.6
Da, theoretical mass 16430.9 Da considering a disulfide
bridge between Cys-42 of each polypeptide chain), and
to the large monomer comprising of residues 81–670
carrying one cAMP molecule (measured mass 67,305
Da, theoretical mass 67,281 Da). Occasionally, the dou-
bly charged peptide of residues 71–80 at m/z 638.88
(theoretical m/z 638.83) could be observed in the low m/z
region. Limited proteolysis of differentially autophos-
phorylated protein was performed to gain further in-
Figure 4. Electrospray ionization mass spectra
M (a) in the presence of 25 M AMPPNP, (b
Mg2-acetate, (c) in the presence of 125 M A
presence of 25 M AMPPNP and 100 M Mn2-
region from 450–650, displaying the unbound o
middle display the charge state envelope of dim
corresponding deconvoluted mass spectra.sight into the overall amount of phosphate incorpora-
tion during the autophosphorylation reaction. Figure 6
shows enlarged parts of the electrospray ionization
mass spectrum of partially proteolyzed PKG, which
was non-, partially-, and highly-autophosphorylated. In
the low mass range (m/z 620–700) the doubly charged
peptide of residues 71–80 displayed a single mass
increase of 80 Da in the partially phosphorylated state.
Unfortunately, this peptide could not be observed in the
highly autophosphorylated sample. The charge state
envelope around m/z 2000, corresponding to the
dimeric species of the first 70 residues of PKG, shows
multiple increases in mass of 80 Da. The [M 8H]8 ion
signal of the dimer of residues 1–70 shows no detectable
amount of phosphorylation in the non-phosphorylated
protein sample. Partially phosphorylated protein con-
tains on average two phosphate moieties within the
dimer of the first 70 residues, while highly autophos-
phorylated protein contains on average four phosphate
moieties within the dimer of the first 70 residues and
G at an estimated dimer concentration of 1–2
the presence of 25 M AMPPNP and 1.2 mM
NP and 1.2 mM Mg2-acetate, and (d) in the
ide. Mass spectra on the left display the low m/z
e AMPPNP molecular ion. Mass spectra in the
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within this part of PKG. As previously mentioned PKG
is already phosphorylated on threonine 516 in non-
autophosphorylated protein samples. Additionally, the
large monomeric subunit (residues 81–670) shows in
the highly autophosphorylated protein sample an ad-
ditional single mass increase of 80 Da, indication that
one autophosphorylation site lies within the residues
81–670.
Figure 5. Electrospray ionization mass spectra of native PKG at
an estimated dimer concentration of 1–2 M before (top) and
after (bottom) limited proteolysis with chymotrypsin. Around m/z
 2000 ion signals corresponding to the dimer of residues 1–70 are
visible, around m/z  4000 ion signals for residues 81–670 are
visible. Occasionally the double charged peptide of residues 71–80
was detectable in the low m/z range.
Figure 6. Enlarged parts of the nanoflow ESI m
was autophosphorylated to different levels. En
partially proteolyzed PKG, which was (from to
phorylated. Mass spectra on the left display th
double charge molecular ion of residues 71–80. M
the dimeric N-terminus (residues 1–70). Mass s
C-terminal residues 81@0017670. The number
proteolytic fragments are listed above each ionConclusions
Activity modulation via phosphorylation is the pre-
dominant mechanism of signal transduction in cellular
pathways. Phosphorylation and dephosphorylation
events are catalyzed by protein kinases and protein
phosphatases, respectively. In particular, protein ki-
nases are themselves tightly regulated by phosphoryla-
tion or allosteric activation. In this study we have
examined the activation properties of PKG using a mass
spectrometry based approach. Our nanoflow ESI-
TOF-MS analysis under non-denaturing conditions con-
firms that PKG mainly occurs as a 153 kDa homodimer
and is able to bind four cGMP molecules, which is in
agreement with the known stoichiometry. Additionally,
nanoflow ESI-TOF-MS data of PKG in complex with
AMPPNP/Mn2 clearly demonstrates that PKG is able
to bind two AMPPNP molecules in an inactive confor-
mation of the protein (i.e., in the absence of cGMP).
Moreover, this interaction was only observed in the
presence of the divalent metal Mn2. This observation is
in good agreement with the requirement of a divalent
metal for binding of ATP in the ATP binding pocket as
seen in many crystal structures of protein kinases. In the
inactive conformation the autoinhibitory domain
within the N-terminal regulatory domain interacts with
the substrate-docking domain on the larger lobe of the
catalytic core. Our finding could imply that within this
inactive conformation the ATP binding pocket is not
blocked and AMPPNP or ATP are still able to enter this
part of the catalytic domain. In the active conformation
(i.e., when cGMP is bound) AMPPNP binding is still
observed in the mass spectrum, however, at a higher
concentration of AMPPNP and less of the fully satu-
rated product is observed. In the crystal structure of
PKA, ATP is bound inside the cleft between the smaller
pectrum of partially proteolyzed PKG I, which
d parts of the mass spectra are displayed for
bottom) non-, partially-, and highly-autophos-
m/z region from m/z 620–700, displaying the
spectra in the middle display the [M  8H]8 of
a on the right display the [M  16H]16 of the
osphate groups present on each of the three
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closing of this active site cleft serves to position the ATP
for catalysis. When PKG is inactive, the interaction
between the N-terminal domain and the substrate-
docking domain might have a stabilizing effect on the
flexibility in opening and closing of the active cleft.
Hence the obtained complex between AMPPNP/Mn2
and PKG might be more stable. In the presence of
cGMP, the interaction between the N-terminal domain
and the substrate binding site is released. Hence it
might well be possible that the two lobes of the catalytic
domain receive more degrees of freedom, as a result
ATP-binding is less strong and this is somehow re-
flected in the mass spectrum of PKG in presence of
cGMP and AMPPNP/Mn2. For PKA, nucleotide bind-
ing and the influence of divalent metals have been
studied extensively [26–28]. Magnetic resonance stud-
ies of the interaction between the catalytic subunit of
PKA, nucleotides, and Mn2 revealed the binding of
two Mn2 ions per molecule PKA. Affinities of the
Mn2 for the two binding sites in a binary PKA-AMP-
PCP complex were 6–10 M and 50–60 M respec-
tively. Kinetic analysis revealed that the high affinity
Mn2 binding has activation properties, while the lower
affinity has an inhibitory effect [26]. In the same study,
two binding sites of Mg2 were detected with apparent
much lower binding affinity of 1.6 mM for both sites.
The effect of the physiological activator Mg2 was
analogous to those found with Mn2, however the
inhibition by Mg2 was less pronounced than that
observed with Mn2. Additionally, thermal stability
measurements on PKA have shown that MnATP en-
hances stability stronger than MgATP [29]. These ob-
servations made with PKA might explain why in our
study no homogenous PKG-[AMPPNP/Mg2]2 com-
plex was observed. Although magnesium seems to bind
to AMPPNP as illustrated in Figure 4b and c, complete
saturation of PKG with AMPPNP/Mg2 was not
achieved. Due to the high homology between the cata-
lytic core between PKA and PKG, it is not unlikely that
the affinities for ATP and the divalent metal ions are
similar for both protein kinases. This would explain
why the complex between PKG and AMPPNP in the
presence of magnesium as divalent metal ion is more
difficult to saturate than that in the presence of manga-
nese.
Upon cGMP-activation PKG phosphorylates in an
autocatalytic manner. In this study limited proteolysis
in combination with nanoflow ESI-TOF-MS allowed
accurate mass measurement of the N-terminal domain.
This introduces a higher level of resolution in the part in
which almost all known autophosphorylation events
occur [30]. This resolution might not have been present
for the intact protein. Partially phosphorylated protein
showed a single phosphorylation within residues 71–
80, and two phosphorylations within the dimer of
residues 1–70. Highly autophosphorylated protein
showed one phosphorylation within residues 81–670,
and further a higher phosphorylation degree in theN-terminal 1–70 residues. In conclusions, limited chy-
motryptic proteolysis of PKG in combination with ESI-
TOF-MS allows a fast and accurate determination of the
overall phosphorylation status.
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